In heavy industries, such as thermal power stations and atomic power stations operated in coastal industrial zones, a great deal of cooling water is required; usually, coastal seawater is used for this purpose. There are varieties of plankton (e.g., larva of mussels, barnacles (acorn shell), oysters, sea-anemone (Actinia), algae, and many other microbes) in seawater. These marine organisms are adsorbed and grow up on the inner walls of pipes, thus blocking condensers and other pipe lines, and cause a lowering of the thermal conductivities.
300 mL (maximum) sampling volume; it thus seems impossible to determine a residual chlorine concentration of 0.1 ppm. Peat et al. 6 pointed out the chief disadvantages of starch as a color indicator to be: (1) the insolubility of starch in cold water, (2) the instability of starch dispersions in water, because a stock solution soon deposits a flocculent precipitate of retrograded starch, (3) starch gives along with iodine a water-insoluble complex, the formation of which precludes the addition of an indicator early in the titration, (4) the "drift" of the end-point, which is particularly marked when the solutions used are dilute. In the course of investigations of the glycolic ethers of starch and of its components, amylose and amylopectin, they found the derivative, the sodium salt of a starch glycolic acid, in which the ratio, glycolic acid units/glucose units, is approximately 1:10. The derivative, which they described conveniently as "sodium starch glycollate (1:10)" (SSG here after) has almost the same iodine-staining power as starch, itself, and possesses none of the disadvantages mentioned above. It is non-hygroscopic white powder which dissolves, with ease, in cold water to give a clear solution. Because the solutions are completely stable, no retrogradation occurs. Also, because the glycollate does not form a water-insoluble complex with iodine, the indicator may be added at any stage during titration, and the end-point is very sharp. On the other hand, we know that PVA (polyvinyl alcohol) [7] [8] [9] [10] [11] [12] [13] and chitosan 14 react with iodine to form a complex showing a color of bluish violet similar to that of the iodinestarch complex. We considered that PVA might be a more useful color reagent than starch or sodium glycolic acid, and we could determine a residual chlorine concentration of 0. Iodometry is one of the easiest, most rapid and accurate methods for the determination of a relatively small amount of oxidizing agent, such as residual chlorine. Starch has long been used as a useful color indicator in iodometry. However, we found that PVA (polyvinyl alcohol with partially saponificated; e.g., saponification degree of 88%) is a more useful color indicator than starch. For example, at 20˚C, the PVA indicator gave similar profiles of iodine concentration vs. titration efficiencies (percent recoveries) to those of starch at 0˚C. At 0˚C, the PVA indicator detected 1.1 mg I2/L (11 µg I2: with 10 mL sample volume) with a high percentage of recovery ( 95%). Furthermore, at 20˚C an iodine concentration of 0.36 mg/L (which corresponds to a residual chlorine concentration of 0.1 mg Cl2/L) could be detected using PVA color indicator assuming an appropriate correction. possibility of chitosan as a color reagent because of its weak absorbance of the iodine complex. Although we investigated the above-mentioned three reagents, we did not use real residual chlorine solutions in the present work (as a basic study); instead, we only used iodine solutions to obtain accurate and precise experimental values, since small amounts of residual chlorine solutions are easily decomposed by ultraviolet light and a trace amount of heavy metals. Finally, we confirmed the superiority of PVA as a color indicator to the other two reagents, and will report on those results along with volumetric and spectrophotometric studies.
Experimental
Materials Analytical-grade iodine, potassium iodide, sodium hydroxide, sodium thiosulfate and boric acid were commercially obtained from Wako Pure Chemical Co. Ltd. Partially saponificated PVA (n = 500, 1000, 1500, 2000; s.d. = 86 -90%, ave. 88%), and perfectly saponificated PVA (n = 500, 1000; s.d. = 96 -100%, ave. 98%) were also obtained from Wako Pure Chemical Co. Ltd., where n and s.d. mean the degree of polymerization and the degree of saponification, respectively. Other partially saponificated PVA (n = 216; s.d. = 80%) and completely saponificated PVA (n = 3522; s.d. = 99%+), were commercially obtained from Aldrich Co. Ltd. Starch (potato, soluble) was obtained from Wako Pure Chemical Co. Ltd. It might be said here that PVA is one of the stereo-regular polymers, i.e., they have three kinds of tacticity: syndiotactic, isotactic, and atactic. However, we used only the atactic-type PVA, which can be commercially obtained as general products.
Standard reagent solutions
Standard solutions of iodine (
, and Na2S2O3 (0.100 mol/L) were prepared using the above-mentioned reagents and used as stock solutions.
They were diluted to appropriate concentrations before use.
Apparatuses and glassware
A ten-milliliter semi-micropipet was used for titrations. Volumetric pipets and flasks were obtained from Iwaki Glass Co. Ltd. To prepare sodium glycollate acid, Soxhlet's extractor was used according to reference. 6 Electronic absorption spectra were measured using a Hitachi U-3210-type spectrophotometer.
To maintain constant temperature, a thermostat (Coolnit CL-80; manufactured from Titec Co. Ltd.) was used.
Procedures
Titrations were carried out according to the Japanese Industrial Standard testing methods for industrial water JIS K 0101-1998 (JIS method hereafter). The JIS method describes (a) sample water containing an appropriate residual chlorine quantity (0.1 -7 mg) is taken into a 300 mL Erlenmeyer flask with a ground stopper. After pure water is added to a constant volume (ca. 300 mL), and 1 g of KI plus 5 mL of (1 + 1) acetic acid is also added. Then, (b) the solution in the flask is shaken several times and let standing for 5 min in a dark place. (c) Liberated iodine is titrated with 10 mmol/L sodium thiosulfate, until the solution color becomes pale yellow; at this point, 1 mL of 1% starch is added as an indicator (violet blue), and then the titration is continued until the violet color blue disappears (at end point). (d) A blank test is also made using 100 mL of distilled water under the same conditions (a) -(c) as those of sample solutions. Electronic absorption spectra for iodine-PVA, iodine-starch and iodine-SSG complexes were measured by the conventional spectrophotometric method.
We compared the capabilities or performances of PVA, starch, and its derivative SSG as color indicators on iodometry. Special attention was paid to the detection limits or detection efficiencies, and two types of titrations were carried out: (1) detection limit by concentration and (2) detection limit by absolute weight.
Results and Discussion
Absorption spectra of iodine-indicator complexes Iodine-starch complex. The starch used was soluble starch (from potato). Figures 1(a) and (b) show the absorption spectra of the iodine-starch complex and the concentration dependence of the absorbance, respectively. It can be seen from the figure that the absorbance at the first band (λmax = 540 nm) increases along with an increase in the starch concentration, whereas the second (λmax = 350 nm) and third (λmax = 290 nm) bands decrease along with an increase in the starch concentration. The second and third bands can be ascribed to I3 -ions (straight and bent types). [8] [9] [10] On the other hand, the first band (λmax = 540 nm) would correspond to the species of iodine-starch complex. The apparent simple chemical equilibria are shown as follows, although real iodine-starch complexes are complicated:
I2 + starch I2-starch complex
I3 -+ starch I3 --starch complex
As shown in Fig. 1(b) , under the condition [I2] = 20 µmol (5.076 mg)/L, [KI] = 10 g/L, at 20˚C, absorbance of iodine-starch complex at 540 nm (λmax) increases along with an increase in the starch concentration; however, it soon reaches a plateau at around a starch concentration of 1 g/L and in more detail, it becomes nearly constant at around 1 g/L and maximum at around 2 g/L, but then gradually decreases. A real iodine-starch complex seems more complicated, and there have been many investigations. [15] [16] [17] [18] [19] [20] [21] [22] [23] Iodine-SSG complex.
In Fig. 2 , the dependence of the concentration of iodine-SSG complex to absorbance is shown. The absorbance of the first band (λmax = 560 nm) corresponding to the I2-SSG complex increases along with an increase in the concentration, and becomes a constant value at more than 10 g (SSG)/L. Iodine-PVA complex.
PVA shows interesting properties which depend on the polymerization degree, saponification degree, and stereoselectivity. However, generally, only atactictype PVA is commercially obtained, and we used it in the present work. Effect of PVA concentration.
In Fig. 3 , the electronic spectra of the iodine-PVA complex are shown. Figure 3(b) shows the dependence of the absorbance on PVA concentration. The first band (λmax = 490 nm) corresponds to the iodine-PVA complex. The absorbance increases along with an increase in the PVA concentration, forming a plateau at around more than 5 g/L. This limitation in the absorbance is apparently due to the iodine concentration (20 µmol/L).
Effect of the degree of polymerization.
The dependence of the absorbance on the polymerization degree was examined. When the saponification degrees of the PVA used were constant (ca. s.d. = 88%) it was found that the polymerization degree did not affect the shape of the spectra and the intensity of the absorbance.
Effect of the degree of saponification.
The influence of the saponification degree on the iodine-PVA complex was studied over the range of 80 to 99%+. We obtained the tendency that the higher is the saponification degree, the lower is the absorbance of the first band (λmax = 490 nm); for example, PVA completely saponificated (s.d. = 98% and 99%+) gave no band corresponding to the 490 nm band (violet blue). Thus, the absorption spectrum of the iodine-PVA complex was found to be greatly affected by the saponification degree, i.e., the number of functional groups of acetyl affects it. For a further investigation, we tried to synthesize ca. 50% saponificated PVA by using PVA + acetyl chloride in acetic acid as the solvent, 335 ANALYTICAL SCIENCES FEBRUARY 2001, VOL. 17 because the hydrolysis of polyvinyl acetate using sodium hydroxide did not produce moderately saponificated PVA. The method of PVA acetylation seems to be better for our purpose, but we could not find an appropriate solvent to purify the target PVA, although the IR spectra show preferable saponification degrees.
However, we might say here that complete saponificated PVA would give another absorption band (λmax = 640 nm) when an appropriate concentration of boric acid is added. It must also be said that Miller and Bracken 7 found the possibility of PVA being used as a color indicator, and reported this idea in their notes in 1951. There are several unsolved problems for iodine-PVA complexes, irrespective of extensive investigations. [7] [8] [9] [10] [11] [12] [13] We have carried out MO calculations on iodine-PVA complexes assuming that they are composed of polyiodide with straight or zigzag-type structures to interpret the reason for the color appearance of those bands around 490 nm (λmax) or 640 nm (λmax); however, we could not obtain appropriate structures for the complexes until now. Hereafter, we will mainly use PVA of 88% saponification degree (average) with a polymerization degree of 1000 for convenience because of their plentiful supply. Figure 4 shows the electronic spectra of iodine-starch, iodine-SSG, and iodine-PVA1000 complexes. Under this condition (i.e., I2 concentration is 20 µmol/L), the absorbance of the iodine-PVA complex band showed the highest value among the corresponding iodine-polymer complexes, iodine-starch and iodine-SSG complexes. Although Peat et al. 6 recommend the usefulness of the SSG, it takes a longer preparation time and is cumbersome; we thus compare only iodine-PVA and iodinestarch complexes as indicators on iodometric titration in the following.
Comparison of absorption spectra of indicators

Comparison of the indicators in the low concentration region
As is well known, the stabilities of the PVA-iodine or starchiodine complexes are temperature dependent (the lower, the more stable), 21 and we thus chose experimental temperatures of 20˚C (standard temperature) and 0˚C (lower temperature) from a practical point of view. Figures 5(a) -(c) show the results of iodometric titrations for PVA and starch indicators. According to the JIS method (K-0101), measurable quantities for a residual chlorine solution are 0.1 -7 mg (absolute), which correspond to iodine quantities of 0.36 -25 mg. We carried out two kinds of experiments: whether the detection limit is principally determined by absolute quantity or concentration. In Fig. 5(b) , experimental results with sample volume of 200 mL were shown. At 0˚C, both PVA and starch give more than 80% recovery (detection efficiencies) in the region 1.8 -3.6 mg I2/L (360 -720 µg), especially, PVA gives almost 100% recovery. Even at 0.36 mg I2/L (72 µg), which correspond to 0.1 mg Cl2/L (20 µg), both indicators gave more than 50% recoveries at 0˚C. Here, the percentage recoveries were determined by using the ratio of two values, i.e., experimentally obtained value (titration volume of the standard solution of sodium thiosulfate and the concentration) to the theoretically obtained one (added volume of iodine and the concentration). However, as shown in the figure, the detection curve of PVA indicator at 20˚C gave nearly the same detection curve as the starch indicator at 0˚C. On the other hand, the detection curve for starch at 20˚C gave 50 to 55% at best around the concentration range 2.5 -3.6 mg I2/L (500 -720 µg), also, at concentrations lower than 2.1 mg I2/L (420 µg) no coloring was observed.
While, in case of a sampling volume of 10 mL, both PVA and starch detected more than 80% in the range of 36 -72 mg I2/L (360 -720 µg) at 0˚C and 20˚C, as shown in Fig. 5(a) . However, in the concentration range of less than 36 mg I2/L (360 µg), starch at 20˚C showed a rapid lowering of the detection efficiency and at 3.6 mg I2/L (36 µg) the detection efficiency was around 50%. This corresponds to a detection efficiency of 3.6 mg I2/L (720 µg) in Fig. 5(b) (sampling volume of 200 mL). If titration is carried out at 0˚C, and a detection efficiency of 50% is permitted (appropriate corrections are presumed), both PVA and starch can be used as indicators until 0.36 mg I2/L (3.6 µg), which correspond to 0.1 mg Cl2/L (1 µg) as shown in Fig. 5(c) . A systematic correction method in the low concentration region of iodine or residual chlorine using a PVA indicator will be reported in a following paper. The above results indicate that the detection limit is mainly controlled by the concentration, not by the absolute contents on iodometry using a titration method, and that the titration efficiency vs. the (iodine) concentration curves of PVA at 20˚C is nearly the same as those of starch at 0˚C. Finally, we can conclude that partially saponificated PVA should be an excellent color indicator compared with the conventional starch indicator on iodometry titrations.
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